Ethanol-extractable proteins (secalins) from whole-grain meal of: (a) the Polish rye cultivar Dankowskie Zlote grown in 1978-1984 with tent-type isolation during flowering; (b) the same cultivar grown in 1989 in a space-isolated plot; and (c) additional cultivars grown with tent isolation, were characterized and compared. Methods of secalin extraction and analysis by reversed-phase high-performance liquid chromatography (RP-HPLC) were optimized. These methods showed that, within the cultivar Dankowskie Zlote, secalin composition was nearly constant from year to year, and was largely independent of environment. In later years, however, one additional secalin was present, possibly indicating more than one genetic pool within the cultivar. RP-HPLC yielded distinct patterns for different cultivars, permitting their identification. These results suggest that RP-HPLC can be a valuable technique for rye breeding and genetical studies.
Introduction
Reversed-phase high-performance liquid chromatography (RP-HPLC) is a powerful method for analysis of cereal proteins l -3 . It has many advantages, including speed, sensitivity, reproducibility and high resolution. Separations are based on differences in protein surface hydrophobicity, and complement those obtained by electrophoresis. RP-HPLC can reveal and quantify proteins related to quality, such as in bread or durum wheats 4 . 5 • RP-HPLC also may be a valuable tool for genetical studies and breeding of improved cultivars
The cultivars of many cereals can be differentiated by analysis of their prolamin storage proteins. This is often done by gel electrophoresis s , which reveals a qualitatively constant' fingerprint' for grain of each cultivar, even when grown at different locations. RP-HPLC can also be used to identify cultivars ofwheat9.1O, barleyll-l3, oats l4 , maize l5 and rice l6 -ls by revealing prolamin or glutelin compositions. In wheat, RP-HPLC has been used to show that the amounts of individual proteins may vary slightly between samples of a cultivar l9 , and its use has revealed unique genotypes (biotypes) when single kernels of some cultivars are analysed. Since the resolution and quantitative capabilities of RP-HPLC are excellent, and since it uses a separation mechanism complementary to electrophoresis, RP-HPLC can sometimes differentiate genotypes more efficiently than electrophoresis.
Compared with the cereals mentioned above, less is known of genetical diversity within the genus Seeale (rye). The ability to identify rye cultivars also lags behind that of other cereal grains. In part, this is because less rye is grown, world-wide, than wheat. In many areas, however, rye is a prominent cereal grain for food and feed. Rye is also of much interest because it is a parent of triticale, an advantageous alternative to wheat and rye in some soils and climates, such as those of Poland.
In a few recent studies, alcohol-extractable rye proteins (secalins) have been extracted, characterized by electrophoresis, and the chromosomal locations of their structural genes have been determined 20 -24 . Gradient gel electrophoresis of rye endosperm proteins has been used for cultivar identification 25 , and one study26 showed the suitability of RP-HPLC for secalin analysis.
Genetical analysis of rye and of its proteins is more complex than in most cereals. Cultivars are introduced and maintained, but, since rye is open-pollinating, they are essentially multilines, equivalent to an F2 population derived from a series of hybrids. In contrast, maize is also open-pollinating, but its inbreds and their resulting hybrid seed are genetically homogeneous, and amenable to cultivar identification.
In rye, however, ' ... each plant in a population will be genetically different from all other plants in the same population and different from the plants in the next generation '27. Thus, selection during breeding may not narrow genetical diversity of storage proteins within named cultivars. Evans and Scoles 28 described a typical Seeale breeding procedure: one cultivar was ' ... derived from a population obtained by allowing 10 strains of rye to intercross freely for 2 years. The progeny were then grown as single plants. Of these, 216 were selected and their yields were tested over a number of years. The 98 best lines were bulked to establish the cultivar'. Such a breeding procedure may be highly successful, but multiplies the genetical heterogeneity of any named Seeale cultivar.
The definition of quality in rye depends on many factors. Certainly less is known about the protein-quality relationship in rye. Yield and lodging resistance are primary rye selection goals 29 • Rye breadmaking quality also is influenced greatly by amylases and pentosans.
For these reasons, we wished to optimize conditions for extraction and RP-HPLC of rye storage proteins, and to test the applicability of the resulting procedures for cultivar identification. Ultimately, such procedures could provide an objective method to measure rye quality. Our initial results are described here.
Experimental

Rye elilrivars
Rye (Secale cereale L.) cultivars were grown with isolation during flowering at the Botanical Garden of the Polish Academy of Sciences, Warsaw. Other samples were obtained directly from breeders, and from the germplasm collection at the Botanical Garden. Cv. Dankowskie Zlote was grown in 1978-1984 with tent-type isolation during flowering and in 1989 on space-isolated plots. Tent isolation was used to grow other cultivars (Porto 503 L Desnianka, Litovskaja, Explorer, Beaulieu, Weser, Florida Black, PearL Spaskaja Mestnaja and Carokurz) that were compared.
Extraction procedures
Single-rye kernels were pulverized using a Wig-L-Bug (Crescent Dental, Lyons, Illinois). The resulting meal or flour (50 mg) was extracted by vortexing for 30 min at room temperature with 60 % (vIv) ethanol (1'0 ml) in a polypropylene tube. Sixty per cent (vIv) ethanol extracts give slightly greater resolution upon RP-HPLC than do 70 % (vIv) ethanol extracts, and, with 60 % (vIv) ethanoL less material is eluted in the void volume 30 . Others have also used 60 % (vIv) ethanol successfully to extract rye prolamins 31 . Extracted proteins were clarified by centrifugation (e.g. 15 min at 15000 rpm) at 25°C. For some experiments, rye flour (50 mg) was first extracted at 4°C with 0·3 M NaCl (1'0 ml) for 20 min to extract albumins and globulins. Following centrifugation at 5-10 dc. the pellet was extracted with ethanol as described above to yield a secalin fraction.
RP-HPLC procedures
Samples (20 Ill) were analysed at 60°C on a Vydac C 4 column (250 x 4·1 mm; Separations Group, Hesperia, California). The column was preceded by a 2 mm i.d. x 2 cm UpChurch (Oak Harbor, Washington) guard column packed with RSC (SynChrom, Lafayette, Indiana) packing materiaL and containing a 0·5 Ilm end filter, The HPLC apparatus included a Spectra-Physics (San Jose, California) SP8700 solvent delivery system and an SP8780XR autosampler, Proteins were detected at 210 nm (0'1 absorbance units full scale) with a SF770 Spectroflow monitor (ABI Analytical, Ramsey, New Jersey).
The solvents used were: The data were recorded on an Omniscribe recorder (Houston Inst., Austin, Texas) and stored in a ModComp computer system (Ft Lauderdale, Florida) for later integration and replotting. Usually, the first 5 min of the chromatograms, containing the solvent peak, were not plotted. To facilitate visual comparison of chromatograms, plotted data were normalized so that peaks of maximum absorbance had equal heights.
Results and Discussion
Optimization of extraction and RP-HPLC conditions
Typical RP-HPLC results for ethanol-extractable rye proteins are shown in Fig. I . Patterns for proteins extracted with 60 % ethanol from half-kernels containing the germ [ Fig. I(b) ] and from endosperm ends [ Fig. I(a) ] of 50 pooled kernels of the cultivar Dankowskie Zlote were qualitatively identical, containing major as well as minor peaks with the same retention times. Furthermore, quantitative distributions were very similar, as indicated by integration and by ratios of peak heights for the two samples. These results demonstrate that the proteins of the germ, if present. do not contribute significantly to the secalin pattern. Therefore, whole kernels or endosperm halves give chromatograms representative of rye genotypes. Proteins extracted from ground kernels directly with ethanol [ Fig. lea) ] or with ethanol after NaCl extraction [ Fig. l(c) ] appeared almost identical. Integration of these data revealed that early-eluted proteins (5-25 min) decreased (from 30·1 to 22·0 % of total eluted protein) in the sample previously extracted with NaCl, however, indicating that many albumins and globulins were eluted primarily in this area, while more hydrophobic secalins were eluted later (25-55 min). This is similar to the situation in wheat, in which some albumins and globulins are extracted with ethanol and are eluted early, with co-gliadins, during RP-HPLC 33 • Omega-secalins may also be eluted relatively early during RP-HPLC 3 4, and can be extracted with NaCl as well as with ethanolic
II\
.~r V\ I solutions (R. Graybosch, pers. commun.); wheat co-gliadin extraction is also highly dependent on extraction conditions 35 . This factor may also, in part, be responsible for the decreased amount of early-eluted protein in the NaCl-extracted sample.
Characterization of NaCI-extractable proteins
RP-HPLC of NaCI-extracted proteins revealed that they were eluted primarily at 5-25 min with the gradient of Fig. I(a) -(c) (data not shown). By optimizing this gradient through the use of a lower (9 %) initial acetonitrile concentration, the resolution of albumins and globulins was significantly improved [ Fig. led) ]. The high resolution of secalins and of albumins and globulins suggests that RP-HPLC of these proteins may also be useful for rye cultivar identification, especially since we found that RP-HPLC patterns of albumins and globulins from samples of a cultivar grown in two different harvest years were qualitatively identical and had only slight quantitative differences (data not shown). Environmental or other factors may possibly affect albumin/globulin compositions, however. Further studies of the use of albumins and globulins for cultivar identification are necessary.
Intracultivar variation in protein composition among single kernels
A serious problem in year-to-year maintenance of stable and genetically unchanged collections of rye is the possibility of cross-pollination. Regeneration of single taxons on small, closely-spaced experimental plots requires careful isolation during flowering to prevent cross-pollination from other cultivars. This problem is dealt with in the Botanical Garden in Warsaw by isolating single plots with linen tents. Non-homozygous rye lines grown within such tents will still be genetically heterogeneous and individual plants will cross-pollinate. These tents prevent pollination from adjacent plots, however, which would otherwise further increase genetical diversity. The RP-HPLC chromatograms of ethanol-extractable proteins from rye strain L.L. 78A-56 grown in 1989 without (top) and with (bottom) isolation are compared in Fig. 2 . Quantitative differences in the polypeptide compositions of the samples were apparent from numerous differences in peak ratios and from the resolution of ascending and descending peak shoulders, confirming that cross-pollination increases the genetical heterogeneity of rye grown without isolation during flowering. RP-HPLC of ethanol-extractable proteins from five individual rye kernels (Fig. 3, lower chromatograms) clearly showed qualitative kernel-to-kernel variability, reflecting 197 cultivar heterogeneity. In contrast, unpublished studies of Secale silvestre Host, a selfpollinating rye species, showed little kernel-to-kernel variation. Since storage proteins vary greatly between kernels, proper sampling is imperative for rye cultivar identification. For example, the top chromatogram in Fig. 3 , a computer-generated composite of the five individual kernels that are shown, resembled a RP-HPLC chromatogram of a bulk sample of the same cultivar [ Fig. lea) ].
Optimization of sampling procedures
How large a sample, then, must be analysed to be representative of a cultivar? To answer this question, we compared, by RP-HPLC, ethanol-extractable proteins from 40-and 400-mg samples of meal milled from 400 or 100 kernels of Dankowskie Zlote rye grown in 1989. All four chromatograms were visually indistinguishable; the result for a 40-mg meal subsample from 100 kernels is shown in Fig. 4 (top) . The chromatogram of proteins from a 50-kernel sample was also visually indistinguishable from that for 100 kernels (Fig. 4) , but 10-and 20-kernel samples showed slight compositional differences. Fig. 4 was newer, and provided superior resolution. Thus, as in all RP-HPLC studies, column age and condition are important in obtaining the best resolution.
Year-to-year consistency of secalin composition
Using these described sampling, extraction and analytical conditions, we found nearly constant RP-HPLC patterns for Dankowskie Zlote from the same breeding station, grown from 1978 to 1984 with isolation during flowering (Fig. 5) . RP-HPLC patterns of ethanol-extractable rye proteins thus appear to be stable indicators of cultivar.
Nevertheless, some slight, but reproducible, qualitative/quantitative features differentiated 1978-1980 chromatograms from 1981-1984 results. For example, a peak at 48-49 min appeared only in the earliest samples. We initially thought this puzzling result might represent a genetical change within a cultivar due to selection pressure. Later results failed to confirm this hypothesis, however: a 1975 sample of Dankowskie Zlote (5 % viable) yielded a chromatogram qualitatively identical (though with some quantitative variation in early peaks) to that of a 1984 sample (97 % viable) (results not shown). This study also showed that kernel viability did not appear to relate to secalin composition.
We cannot yet explain the slight compositional changes noted in Fig. 5 ; they may be due to environmental influence, to the existence of more than one slightly different genetical pool within the cultivar, to low levels of outcrossing or to random sampling of infrequent genotypes. At any rate, the secalin composition of Dankowskie Zlote appeared to remain stable over many years, verifying that prolamins provide valid fingerprints of rye cultivars, as they do for other cereals.
Identification of rye cultivars by RP-HPLC
The sampling, extraction and RP-HPLC conditions described revealed clear differences between the protein compositions of rye cultivars, permitting their differentiation (Fig. 6) . Qualitative and major quantitative differences occurred among the chromatograms for Porto 5031, Desnianka, Litovskaja, Explorer, Beaulieu, Weser, Florida Black, Pearl, Spaskaja Mestnaja and Carokurz. Peaks that were eluted from 35 to 60 min appeared most useful in differentiating rye cultivars.
Conclusions
Identification of rye cultivars through protein' fingerprint' analysis is more difficult than in other cereals because of the kernel-to-kernel variability within rye cultivars, caused by the existence of multiple genetically different forms (biotypes) and rye's out-crossing nature. Nevertheless, we have developed improved procedures for rye protein extraction and analysis. We found that 60 % (vIv) ethanol extracts representative proteins from either ground whole seeds (a minimum of 50 to provide a characteristic chromatogram) or from milled flour. Prior extraction of albumins and globulins is not necessary.
RP-HPLC reveals that ethanol-extractable rye proteins are stable indicators of cultivar from year to year, and across a range of environments. Furthernlore, the results for these proteins from different cultivars showed major qualitative and quantitative differences, permitting cultivar identification. Preliminary results also suggested that albumins and globulins, extracted with a dilute saline solution, may be useful also in differentiating cultivars. These procedures could prove useful in marketing, measuring quality and breeding improved cultivars of rye.
